Abstract. Characterization of acidic peptides and proteins is greatly hindered due to lack of suitable analytical techniques. Here we present the implementation of 213 nm ultraviolet photodissociation (UVPD) in high-resolution quadrupole-Orbitrap mass spectrometer in negative polarity for peptide anions. Radical-driven backbone fragmentation provides 22 distinctive fragment ion types, achieving the complete sequence coverage for all reported peptides. Hydrogen-deficient radical anion not only promotes the cleavage of C α -C bond but also stimulates the breaking of N-C α and C-N bonds. Radical-directed loss of small molecules and specific side chain of amino acids are detected in these experiments. Radical containing side chain of amino acids (Tyr, Ser, Thr, and Asp) may possibly support the N-C α backbone fragmentation. Proline comprising peptides exhibit the unusual fragment ions similar to reported earlier. Interestingly, basic amino acids such as Arg and Lys also stimulated the formation of abundant b and y ions of the related peptide anions. Loss of hydrogen atom from the charge-reduced radical anion and fragment ions are rationalized by time-dependent density functional theory (TDDFT) calculation, locating the potential energy surface (PES) of ππ* and repulsive πσ* excited states of a model amide system.
Introduction
A lternative to collision [1] [2] [3] and electron [4, 5] based techniques, photon-based methods have emerged as new powerful approaches for characterizing peptides, polysaccharides and proteins [6] [7] [8] [9] [10] [11] [12] . Among them, ultraviolet photodissociation (UVPD) leads to intense fragmentation patterns. In this method, protein and peptide cations predominately dissociate to a/x ions and less frequently to c/z and b/y ions. Different wavelengths such as 157, 193, 220, and 280 nm have been implemented in UVPD. Above and at 280 nm, specific fragmentation has been reported following excitation of aromatic residues in peptides or proteins [13] . The number of fragment ions increases as the wavelength decreases from 280 to 213 nm [13, 14] .
Another efficient and popular wavelength 193 nm has been implemented in hybrid linear ion trap-Orbitrap mass spectrometer for characterizing different peptide and proteins in positive polarity. Wide-ranging fragmentation yields a/x, b/y, c/z, y-1, v, w, and d ions and thus provides nearly complete sequence coverage. Whole protein characterization has been achieved by this technique implementing direct infusion and/or chromatographic time scale [15, 16] . Along with common fragment ions, Madsen et al. also observed some uncommon fragment ions such as a + 2, c -1 and z + 1 [17] . This study disclosed that fragmentation patterns varied with the protonation state of the peptide. When protonation takes place at N-terminus, cleavage of C α -C bond occurred; however, N-C α cleavage is favored with C-terminus protonation.
Thompson et al. employed vacuum photodissociation at 157 nm on singly protonated peptide ions to elucidate the unusual backbone cleavage [18] . Cui et al. further revealed that basic residues in the C-terminal yields to x, v, and w fragment ions, whereas N-terminal produces a and d fragments ions [19] . Moreover, a + 1 and x + 1 radical ions are identified from the charge localized N-and C-terminals, respectively. Secondary radical elimination of hydrogen atom are detected from a + 1 and x + 1 ions to produce a and x ions, respectively. Satellite ions such as d, v, and w are formed due to part of side chain elimination; b, c, and z fragment ions are also noticed but are less frequent than a and x ions. Hydrogen/deuterium exchange experiments further confirmed that both backbone amide and side-chain β-carbon hydrogens can undergo elimination to yield a and x ions [20] . Implementing time-resolved photodissociation at 157 nm revealed some unusual but stable x + 2 fragment ion compared with less common a + 2 ion [21] . They proposed that addition of one hydrogen to x + 1 and a + 1 radical ions can yield x + 2 and a + 2 ions. Migration and transfer of hydrogen atom to radical ions have also been witnessed in ECD studies [22, 23] .
However, most of these experiments were conducted on peptide and protein cations and very few were directed on negative polarity. It is assumed that around 50% of naturally occurring peptides are acidic and prone to yield negative ions. Kjeldsen et al. reported C α -C backbone fragmentation by EDD (electron detachment dissociation) for peptide and observed more C-terminal species (x ions) than N-terminal fragments (a • ions) [24] . Comparison of negative electron transfer dissociation (NETD) and UVPD for peptide anion disclosed that NETD usually produce simple set of a/x ions [25] . In NETD, along with a/x ions various neutral losses are observed from entire or partial side-chain cleavage of amino acids [26] . Activated ion negative electron transfer dissociation (AI-NETD) of doubly charged peptide ions also generates some hydrogen loss from a and x fragment ions [27] .
Some previous electron photo-detachment dissociation (EPD) studies were performed with UV lasers on peptides and small proteins in negative polarity [28, 29] . Antoine et al. investigated the electron photo-detachment dissociation of peptides using 262 nm with a linear ion trap [30] . Formation of [M -2H] -• radical anion from the precursor ion was documented in this experiment; a/x and c/z fragment ions were observed [28] . Comparative studies between EDD and EPD revealed significantly different fragment ion distributions in which EPD fragment ions are typically produced from tryptophan and histidine resides whereas in EDD backbone dissociation are favored [28] . However, EDD on small proteins including ubiquitin and melittin suggests that basic resides may promote the formation of a/x fragment ions [31] .
Radical-containing peptides promote characteristic fragmentation pattern in mass spectrometry [32, 33] . Radical peptides are classified into two categories: hydrogen-deficient and hydrogen-rich radicals [34] . The former type is typically formed in UVPD, EDD, and NETD routes, whereas the latter is generated from ECD/ETD [8, 24, [35] [36] [37] . Recently, formation of hydrogen-deficient species from the hydrogen-rich radical cation in ECD received great attention because of extensive fragmentation and widespread side-chain loss [33, 38] . Radical migration in hydrogen-deficient peptide radical promotes extensive neutral loss and allows remote backbone dissociation [33, 39] .
Here, we present the implementation of 213 nm UVPD in a Thermo Scientific Q Exactive hybrid quadrupole-Orbitrap mass spectrometer in negative polarity for peptide anions. We observed distinctive C α -C, N-C α , and C-N backbone fragmentations from the hydrogen-deficient radical anions. Radical-driven extensive neutral loss is likewise evident in these experiments. Moreover, series of hydrogen-deficient and hydrogen-rich fragments are observed.
Material and Methods

Photodissociation Mass Spectrometry
All experiments were performed on a hybrid quadrupoleOrbitrap Q-Exactive mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) equipped with a HESI ion source. Three small peptides YTIAALLSPYS, DYKDDDDK, and RGDSPASSKP were used without any further purification. Peptide samples were prepared at 1 μM concentration in 50/ 49/1 (v/v/v) acetonitrile/water/ammonium hydroxide and directly infused to MS at a flow rate of 5 μL/min. All spectra were acquired using a mass range of 100-1500 m/z and resolving power of 140,000 at m/z 400. The automatic gain control (AGC) target for MS/MS was set to 1 × 10 6 and the maximum injection time was set at 250 ms. The isolation width was 2 Th. When required, the identification of fragment ions was confirmed by fragmentation of a single isotope (selection width 0.4 Th). The high collision dissociation (HCD) collision energy was set to the minimum 2 eV in order to avoid collisions and provide photofragmentation spectra free of CID contamination. Different HCD trapping times including 100, 500, 1000, and 2000 ms (2, 10, 20, 40 laser shots, respectively) were considered. All experiments were performed on five microscans mode with averaging 200 scans.
For UVPD experiments, BrillantB Nd:YAG (Quantel, Les Ulis, France) laser was employed. Details of the setup are given elsewhere [14] . In brief, the 5th harmonic (λ = 213 nm) with a repetition rate of 20 Hz was used. The hybrid quadrupole-Orbitrap Q-Exactive mass spectrometer was modified to permit the laser irradiation of peptide ions. The laser beam passes through lenses, diaphragms, and then is introduced in the HCD cell using two dichroic mirrors. A UV grade fused-silica window was fitted on the back of the HCD cell to allow penetration of a laser beam. The laser beam energy irradiating the ions was 1 mJ/pulse. The laser was slightly off-axis so as to avoid photofragmentation in the C-trap.
Manual analysis of UVPD data was performed with the aid of ChemCalc software [40] . Peak lists of three peptides were generated for all six major UVPD ion types (a, b, c, x, y, and z). Fragments mass tolerance was set to 20 ppm.
Computation
All calculations were conducted with the Gaussian 09 software package [41] . Optimization and subsequent vibrational frequency calculation on t he model amide system CH 3 CONHCH 3 were performed using density functional theory employing Becker's (B3) [42] exchange functional combining Lee, Yang, and Parr's (LYP) [43] correlation functional. Gaussian basis set 6-311+G (2d,p) was considered. Natural bond orbital (NBO) [44, 45] calculations were computed at the same level of theory. For calculating the excited state properties, time-dependent density functional theory (TDDFT) [46] was employed with the B3LYP/6-311+G(2d,p) level of theory in gas phase. For TDDFT calculation, 20 excited states were considered.
Result and Discussion
The Photodissociation of Peptide 1 (YTIAALLSPYS)
The photodissociation spectrum of the doubly deprotonated [M -2H] 2-(m/z 597.8057) of this peptide is presented in Figure 1a . Exact masses and assignments of fragment ions of this peptide are summarized in Table 1 . Similar to previous studies, the characteristic [M -2H] -• charge-reduced radical species is detected at m/z 1195.6094 Da. This radical species is typically generated from photo-induced electron detachment from the selected peptide precursor. Intense neutral losses are detected from this radical species (Table 2 and Figure 2 ). Similar neutral losses are also demonstrated in previous studies [30, 31, [47] [48] [49] . The CH 3 radical (15.0242 Da) loss appears at m/z 1180.5852 from the side chain of Ala [50] . Neutral losses -. fragment ions is observed for n = 5, 6, 7, 8, and 9 These ions correspond to the elemental composition of a n ions plus one hydrogen atom (explaining the +1 in the notation) and are radicals (dot in the notation).
This nomenclature is in agreement with the one proposed recently by Chu et al [54] except that we do not include the hydrogen symbol (H) after the number of losses or gains. Homolytic cleavage between the C α and the carbonyl C from the precursor ion induced the formation of these radical ions, as shown in Scheme 1. Classic (a n )
-fragment ions are detected for n = 8 and 9. These ions may mainly arise from the fragmentation of the doubly deprotonated [M -2H] 2-precursor ion. However, they can also be produced by secondary H elimination from the radical (a n + 1)
-. fragment ions [19] . Abundant a ions are favored by aromatic amino acids and in this case it is due to Tyr residue in N-terminal [28, 52] . An unusual fragment such as (a 8 + 2)
-is additionally identified at m/z 805.4815, which may be due to the presence of Pro residue [14, 17] . Detection of (a + 2)
-is also reported by Madsen et al. in a highthroughput UVPD study in negative polarity for complex proteomic sample [55] . Two peaks at m/z 871.5031 and 856.4917 correspond to the loss of CH 3 -ion. Radical (x n + 1)
-. ions are also formed via homolytic cleavage of the C α -carbonyl C bond, complementary to (a n + 1)
-. ions (Scheme 1). Series of radical (x n + 1)
-. ions are noticed at n = 2, 5, 6, 7, 8, and 10, whereas (x n ) -ions are detected at n = 6, 7, 8, and 9. Two unusual fragment types such as (x n + 2) -for n = 2, 8, and radical (x n -1)
-. for n = 7 and 9 appear for peptide 1, and (x 2 + 2)
-ion detected at m/z 295.0924 is close to Pro residue [14] . Kim and Reilly found x n + 2 fragment ions at 157 nm UVPD and concluded that some x + 1 radical ions may take one hydrogen to form these new ions [21] . (x n + 2)
-ions are also detected at 193 nm UVPD [55] . The proposed fragmentation pathway for the formation of (x 2 + 2)
-ion is presented in Scheme 2.The formation of two (x n -1)
-. ions are likewise
Scheme 1. Proposed mechanism for the formation of (a n + 1)
-. and (x n + 1) -. ions in activated ion negative electron transfer dissociation [27] . Moreover, classic fragmentation of the C α -C bond with proton transfers from the charge-
-. radical species also yields to the formation of (x n -1)
-. ions. Indeed, these ions will contain the initial radical site and the negative charge. Fragmentation is then observed after electron photo-detachment.
Series of (y n ) -ions are detected at n = 2, 3, 6, 7, and 8. radical species may also leads to the formation of the (y n -1) -. ions, if the charge and the radical site after electron loss are located on the C-terminal side. As a general statement, the abundance of fragment ions results from both direct fragmentation of the precursor ions and fragmentation of the charge-reduced radical ions obtained after electron loss (EPD). (y n -1)
-. radical ions could also be formed by H elimination from the (y n ) -ions. Three new (y n -2) -ions are detected for this peptide at n = 3, 8, and 9 positions and could be formed by H elimination from the (y n -1) -. ions. The fragmentation of the C-N bond close to the Pro residue can also explain the formation of the (y 3 -2)
-fragment ion [14] . Once again, these fragment ions could also arise from the homolytic cleavage of C-N bond fragmentation from the charge-reduced [ (Figure 1a ). c/z Ions are less abundant for this peptide. Two (c n )
-ions are detected at n = 7 and 9 positions. Moreover, two (c n -1)
-. ions at n = 9, 10 positions and (c n -2)
-ions at n = 7, 10 sites are observed. Radical (c n -1) -. ions could be produced via the homolytic cleavage of the N-C α bond from the precursor ion (Scheme 4). Hydrogen abstraction from c ions are also detected in ECD [22, 56, 57] . The formation of the (c n -2) -ions could be explained by the radical induced fragmentation of the N-C α bond from the charge-reduced [M -2H]
-. radical species after electron loss.
The Photodissociation of Peptide 2 (DYKDDDDK)
The photodissociation spectrum of the doubly deprotonated [M -2H] 2-(m/z 505.1906) of peptide DYKDDDDK is presented in Figure 3 and Supplementary Figure S3 . Exact masses and assignments of fragment ions of this peptide are summarized in Table 3 . Intense neutral losses are also evident from this peptide (Supplementary Table S1 [49] . Abundant CO 2 loss was moreover demonstrated in electron detachment dissociation for peptide and protein [29, 30] . Elimination of several CO 2 is a common feature related to aspartic and glutamic acid residues in NETD, Al-NETD, EDD, and UVPD [27, 30] . The UVPD spectrum showed losses of 27.9955 Da from [M -2H] -• that can be attributed to CO, similar to peptide 1. Loss of CO from radical species is also found in an earlier ECD study [58] . The peaks at m/z 903.3321 and 904.3394 correspond to the losses of tyrosylate groups of Tyr A complete series of (a n ) -fragment ion is observed for this peptide for n = 2-7; (a n + 1)
-. ions are detected for n = 4, 5, 6, and 7. These ions are formed via homolytic cleavage from the precursor ion (Scheme 1). Radical (a n -1) produce these series. Secondary radical elimination of hydrogen atom from (a n )
-ions could also yield to the formation of these ions. A complete series of (x n ) -fragment ions is detected at n = 2-7 similar to complementary (a n ) -ions. Two radical (x n + 1)
-. ions (n = 3 and 6) are detected at m/z 402.1380 and 760.2859, respectively. Moreover, two (x n + 2)
-ions (n = 2 -, respectively.
Two (b n ) -fragment ions are observed at n =1 and 7 sites, whereas very abundant radical (b n -1)
-. ions are detected for n = 1, 3-7. These ions would come from the fragmentation of the C-N bond from the charge-reduced [M -2H] -• radical species. Several (y n )
-ions appear at n = 3-6 positions. Some (y n -1)
-. ions at n = 3, 6, 7 sites are also detected (formed via the mechanism proposed Scheme 3) as well as (y 7 -2) -ion. [56] . Combinations of backbone cleavages and neutral losses are listed in Supplementary Table S1 .
The Photodissociation of Peptide 3 (RGDSPASSKP)
The photodissociation spectrum of the doubly deprotonated
2-(m/z 499.2393) of peptide RGDSPASSKP is presented in Figure 4 and Supplementary Figure S4 . Exact masses and assignments of fragment ions of this peptide are summarized in Supplementary Table S2 . Intense neutral losses are summarized in Supplementary Table S3 [26, 53] . Loss of 88.0498 Da, which is detected at m/z 910.4269, is related to the side chain of Asp [59] .
Nearly complete series of (a n ) -fragment ions is observed for this peptide for n = 2-9, whereas (a n -1) -. ions are detected for n = 6 and 9. Radical (a n + 1) -. ions are detected for n = 2-9 (Scheme 1). Addition of one hydrogen to (a n + 1) -. radical ions (similar as shown in Scheme 2 for the x n + 1 ions), which yield (a n + 2)
-is also prevalent for n = 3-5, 7-9 positions; (a n + 2) -ions are also observed for Proline containing peptides [14, 60] and explain the formation of (a 4 + 2) -. and (a 9 + 2) -ions. An almost complete series of (x n ) -fragment ions is detected at n = 1-4, 6-9 similar to the complementary (a n ) -ions. Four (x n -1) -. ions are observed for n = 1, 4, 7-9 sites. Moreover, (x n + 1) -. ions are detected for n = 1-4, 6, 7, and 9. Three (x n + 2)
-ions (n = 2, 3, 6, and 7) are also formed via H addition on the (x n + 1)
-and (y n ) -fragments ions are predominant in this peptides, which may be due to the presence of basic Arg and Lys amino acids [61] ; (b n )
-ions are identified for n = 1-5, 8, and 9 positions only missing n = 6 and 7 related to Ala-Ser and SerSer amide bonds; (b n + 1)
-. ions are detected for n = 4, 5, and 9 (Scheme 3). Three (b n -1)
-. ions are observed at n = 3, 8, and 9. Representative (b n + 2) -ions appear at 2, 4, 9 positions in which two sites (4 and 9) are closed to the Pro residues; (b 2 + 2) -ion could be explained by the H addition on the (b n + 1) -. ion. Complete sequence of (y n ) -ions are found (n = 1-3, 5-9) whereas (y n -1) -. ions are noticed for n = 2, 5-9. Distinctive (y n -2)
-ions are detected for n =1, 2, 6-9.
Homolytic cleavage and fragmentation, associated with proton transfers, of N-C α bonds is also noticeable. Full sequence of (c n )
-ions located for n = 1-3, 5-9, and (c n -1) -. ions are noticed at n = 3, 6-9. Fragment (c n -2) -ions are detected for n = 2, 3, 6-8. Similar to peptide 2, complete series of (z n )
ions (n =2-9) are generated from this peptide; (z n -1) -. ions are also observed for n = 3, 7-9. Moreover, (z n + 1)
-. ions are detected for n =2, 4, 6, 7, and 9 (Scheme 4). , along with hydrogen loss from the charge-reduced radical species as shown in ( Figure 5 ). Time-dependent density functional theory (TDDFT) calculation has been performed on a model amide system to elucidate the role of πσ* excited state in the photodissociation of peptide. The potential energy surface of the model amide system, π, π*, and σ* molecular orbitals are displayed in Figure 6 . The lowest ππ*, πσ*, and electronic group state (S 0 ) are shown with respect to the N-H stretching coordinate of the model amide. The ππ* excitation is observed for the amide system at 215 nm (5.75 eV), which relates with our UVPD experiment at 213 nm. The diffuse and polar character of σ* orbital is observed which is similar to the previous studies on pyrrole/indole system [62, 63] . The shallow barrier with respect to N-H stretch indicates the repulsive nature of this state [62] . For this amide system, the ππ* surface is above the πσ* surface, which may allow the fast internal crossing from the ππ* to the πσ* states and lead to H atom dissociation [63] [64] [65] . The ππ* excitation-induced amide hydrogen loss then provides a general route for the formation of hydrogen-deficient ions in 213 nm UVPD. Repetition of this mechanism with absorption of several photons can lead to fragments displaying multiple H-loss. Moreover, the ππ* excitation-induced amide hydrogen loss may yield a nitrogen-centered amide anion intermediate and stimulate the widespread backbone fragmentation. However, detailed theoretical calculations are sought to elicit the mechanism of radical-driven side-chain loss and backbone fragmentation at 213 nm photodissociation on peptide and protein anions. A similar mechanism can also arise on other bonds from aromatic cycles or COO chromophore groups.
Photo-Induced Hydrogen loss at 213 nm
Conclusion
The key features of these experiments can be summarized as follows: (1) Extensive sequence specific sidechain losses are observed for all three peptides. 
, (c -2)
-are consistently observed in these experiments and further confirmed by selecting single isotopic peak of the precursor ions. Some of these ions are coming from homolytic cleavages of the backbone from the precursor doubly charged ion. Classic fragmentation of backbone bonds concerted with proton transfers and homolytic cleavages are also observed for the charge-reduced [M -2H] -.
radical species after electron photo-detachment. Radicalinduced specific fragment ions are then produced in these experiments of UVPD in the negative mode. Some of these ions may also result from secondary H eliminations. (4) Hydrogen-deficient ions may result from ππ* excitationinduced amide hydrogen loss. This ππ* excitation is reached upon absorption of a photon at 213 nm. The present study outlines the difficulty to interpret and systematically analyze the wealth of fragmentation produced by irradiation of peptide and protein anions at the onset of the amide bond absorption band, which may be different from VUV excitation. 
